Abstract. Chlorophyll a (Chl) concentrations derived from satellite measurements have been used in oceanographic research, for example to interpret eco-responses to environmental changes on global and regional scales. However, it is unclear how existing Chl products compare with each other in terms of accuracy and consistency in revealing temporal and spatial patterns, especially in the optically complex marginal seas. In this study, we examined three MODIS (Moderate Resolution Imaging Spectroradiometer) Chl data products that have been made available to the community by the US National Aeronautics and Space Administration (NASA) using community-accepted algorithms and default parameterization. These included the products derived from the OC3M (ocean chlorophyll three-band algorithm for MODIS), GSM (Garver-Siegel-Maritorena model) and GIOP (generalized inherent optical properties) algorithms. We compared their temporal variations and spatial distributions in the northern South China Sea. We found that the three products appeared to capture general features such as unique winter peaks at the Southeast Asian Time-series Study station (SEATS, 18 • N, 116 • E) and the Pearl River plume associated blooms in summer. Their absolute magnitudes, however, may be questionable in the coastal zones. Additional error statistics using field measured Chl as the truth demonstrated that the three MODIS Chl products may contain high degree of uncertainties in the study region. Root mean square error (RMSE) of the products from OC3M and GSM (on a log scale) was about 0.4 and average percentage error (ε) was ∼ 115 % (Chl between 0.05-10.41 mg m −3 , n = 114). GIOP with default parameterization led to higher errors (ε = 329 %). An attempt to tune the algorithms based on a local coastal-water bio-optical data set led to reduced errors for Chl retrievals, indicating the importance of local tuning of globally-optimized algorithms. Overall, this study points to the need of continuous improvements for algorithm development and parameterization for the coastal zones of the study region, where quantitative interpretation of the current Chl products requires extra caution.
for phytoplankton pigmentation has become increasingly accepted (e.g., Cullen, 1982; Marra et al., 2007; Lee et al., 2011; Hirawake et al., 2011; Shang et al., 2011) , Chl remains a basic, routinely sampled, and widely accepted oceanographic parameter for oceanographers.
Among the past and present ocean color sensors, MODIS is the major operational one at present and has been widely used by researchers to study global and regional oceanography. Previous evaluation of MODIS Chl demonstrated that MODIS Chl had moderately good agreement with measured Chl in oceanic waters (e.g., Zhang et al., 2006; Moore et al., 2009) , while overestimation was often observed in turbid coastal waters (e.g., Darecki and Stramski, 2004; Magnuson et al., 2004; Werdell et al., 2009) . Currently, there are three standard (operational) MODIS Chl data products provided by the US National Aeronautics and Space Administration (NASA) Ocean Biology Processing Group (OBPG, http: //oceancolor.gsfc.nasa.gov), which are derived from MODIS remote sensing reflectance (R rs , sr −1 ) after atmosphere correction of MODIS measurements (http://oceancolor.gsfc. nasa.gov) over the ocean. The algorithms used to derive these products are the OC3M (ocean chlorophyll three-band algorithm for MODIS) blue/green band ratio algorithm (O'Reilly et al., 2000) , the GSM (Garver-Siegel-Maritorena model) semi-analytical inversion algorithm (Maritorena et al., 2002) , and the GIOP generalized IOPs (inherent optical properties) algorithm (Franz and Werdell, 2010; Werdell et al., 2013) . Fundamentally, the OC3M empirical algorithm is different from the other two spectral optimization algorithms in two aspects (also see pp. 3-4 in the IOCCG report (2006) on the rationales of the various algorithms): (1) unlike the GSM and GIOP algorithms, the OC3M is not designed to differentiate Chl from other in-water constituents (Fig. 1 ). This is because, similar to Chl, both CDOM and detrital particles absorb blue light strongly, and the OC3M blue/green ratio algorithm cannot distinguish them explicitly. The GSM and GIOP are inherently similar in design. They are both based on a quantitative description of absorption and scattering properties of all optical components in the water, and the same semianalytical reflectance model (Gordon, 1988) to describe how these properties (i.e., IOPs) determine the water's reflectance spectrum (i.e., spectral R rs ). Chl is then derived simultaneously with IOPs because Chl is a monotonous function of phytoplankton pigment absorption coefficient (a ph ). Both GSM and GIOP use mathematical optimization approaches to search for an optimal solution. The difference lies solely in the assumptions and parameterizations when modeling IOPs. For example, GSM uses fixed constants for the chlorophyllspecific phytoplankton pigment absorption coefficients (a * ph ) while the default GIOP uses a * ph as a function of Chl (Bricaud et al., 1995) . Their performance can therefore be influenced by the model parameterization (IOCCG, 2006; Huang et al., 2013) . (2) The algorithm inputs (MODIS-derived R rs ) are also different. The inputs to the OC3M are R rs at 443, 488, and 547 nm, while the inputs to the GSM and GIOP are R rs data from all six MODIS bands. MODIS R rs data in the blue bands (412 and 443 nm) are usually of low quality owing to the difficulties in atmospheric correction (e.g., Siegel et al., 2005; Bailey and Werdell, 2006) , representing another important uncertainty source for all three algorithms. It has been well recognized that each algorithm has its own strengths and weaknesses (e.g., O'Reilly et al., 1998; Werdell, 2009) . However, while an increasing number of users from the oceanographic community are using the various Chl products to interpret biogeochemical processes or temporal changes, the consistency between these Chl products is generally unknown, especially for marginal seas. Can certain spatiotemporal patterns be revealed by one Chl product but masked by another?
In this study, we attempted to address this question by using an extensive data set collected from a marginal sea. We chose the South China Sea (SCS) as the study region, not only because of the extensive effort in the past decade to collect field data but also because of its regional and global importance (e.g., Liu et al., 2002; Lin et al., 2003; Tang et al., 2004; Isoguchi et al., 2005; Tseng et al., 2005; Gan et al., 2009; Lin et al., 2010; Hong et al., 2011; Palacz et al., 2011; Xiu and Chai, 2011) . Indeed, the SCS is the second largest marginal sea in the world. Data analysis will in particular be focused on the northern SCS (NSCS), where in situ data were collected for algorithm tuning and product evaluation (Fig. 2) .
The study focused on three easily accessible standard (operational) MODIS Chl products (hereafter abbreviated as C_OC3M, C_GSM, and C_GIOP). Our goal is to demonstrate the consistency or discrepancy among the biogeochemical features in the SCS derived from these three easily accessible Chl products, to diagnose potential reasons of product inconsistency or high uncertainty, and to seek for potential solutions to reduce the product uncertainties. Specifically, the analysis was through (1) comparison of Chl spatiotemporal variations at the Southeast Asian Time-series Study station (SEATS), two typical coastal upwelling zones, and the Pearl River estuary; (2) evaluation of MODIS-derived R rs and MODIS Chl products using field measured R rs and Chl as the truth; and (3) regional tuning of the algorithms for the NSCS coastal zones based on a local bio-optics data set (R rs , Chl, and a ph ). 
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Data for algorithm evaluation and tuning
In order to help understand the reasons causing product inconsistency or uncertainty, we used both MODIS R rs and in situ R rs to test the algorithm performance. Regional tuning of algorithms, based on an in situ data set including R rs , Chl and a ph , was also conducted. Daily MODIS R rs data (level 2) at original resolution (approximately 1 km 2 ) were obtained from the same NASA group. MODIS data associated with the following quality control flags were discarded: atmospheric correction warning, large viewing angle, large sun angle, clouds, stray light, low water-leaving radiance, Chl algorithm failure, questionable navigation, and dark pixel.
For comparison between MODIS and in situ measurements, it is difficult to strictly follow the methods recommended by Bailey and Werdell (2006) due to heavy and frequent cloud cover over the study region. While a 3-by-3 pixel spatial window centered on the location of in situ measurement with the variance threshold of 0.15 was used, the temporal difference was relaxed to < ±24 h to allow for sufficient number of matchups for statistical analysis.
In situ R rs Chl, and a ph data were collected from targeted and opportunistic cruise surveys between 2003 and 2011 (Fig. 2) , for which the measurement details can be found in Shang et al. (2011) . Briefly, R rs data were collected with an above-water GER 1500 spectroradiometer (Spectra Vista Corporation, USA), with a spectral resolution of 3.0 nm. Water samples were collected from a CTD rosette, from which Chl was measured fluorometrically (Lalli and Parsons, 1993) , and a ph was measured using a modified transmissionreflection (T-R) measurement method (Tassan and Ferrari, 1995; Dong et al., 2010) .
In total, we compiled 114 pairs of daily MODIS R rs and in situ Chl data (blue circles in Fig. 2 ), 87 pairs of daily MODIS R rs and in situ R rs data, and 192 groups of in situ R rs , in situ Chl, and in situ a ph data (red crosses in Fig. 2 ). Of these, 121 groups were collected from the coastal waters (red crosses within shoreline and the green dotted line in Fig. 2) ; these in situ data were also used in regional algorithm tuning. The entire data set covered a wide range of environmental settings, with Chl ranging from 0.03 mg m −3 in the oligotrophic NSCS to 51.15 mg m −3 in estuarine waters.
The three algorithms were implemented in IDL (interactive data language) to estimate Chl from the spectral R rs . The OC3M parameterization was obtained from the NASA OBPG. The GSM algorithm, including its coding, was obtained from the International Ocean Color Coordination Group IOCCG, http://www.ioccg.org/groups/ software.html, with necessary modifications to adjust for the wavelength shift from SeaWiFS to MODIS (S. Maritorena, personal communication, 2010) . The GIOP algorithm with its default parameterization and the product failure flag set was taken from Brewin et al. (2012) and the NASA OBPG (http://oceancolor.gsfc.nasa.gov/WIKI/ GIOPBaseline.html. Because no GIOP code was available, and considering that the GIOP and GSM algorithms were similar except in the IOPs parameterization, we implemented the GIOP algorithm by modifying the GSM code. In our GIOP code, the same optimization method (i.e., LevenbergMarquardt) was used, and the OBPG suggested product failure conditions were applied to filter non-valid and unreliable retrievals. We tested our GIOP code by using the NASA Bio-Optical Marine Algorithm Data set (NOMAD) as input and found that the results were consistent with those produced by the NASA OBPG (http://oceancolor.gsfc.nasa.gov/ cgi/giopval.cgi).
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To assess the similarity or difference between measured and algorithm-derived parameters, four statistical indicators were calculated, following community-accepted standards (IOCCG, 2006; Moore et al., 2009 ). These indicators included the coefficient of determination (R 2 ), mean absolute percentage error (ε), bias (δ), and root mean square error (RMSE) in log scale, defined as follows:
where x represents the measured parameter and y represents the algorithm-derived parameter. Figure 3 shows MODIS Chl distributions in four months during spring, summer, fall, and winter. In general, all three Chl products showed similar seasonality and spatial distributions: (1) Chl is lower in spring and fall than in summer and winter; (2) Chl is lower in the offshore SCS (< 0.1 -∼ 0.1 mg m −3 ) than in nearshore waters (∼ 1 -> 1 mg m −3 ); and (3) there is a large patch of elevated Chl in and to the west of the Luzon Strait in winter. However, some apparent differences among the three products were also found, as shown in Figs. 3 and 4. The seasonality in C-GIOP was not as apparent as in C_OC3M or C_GSM. While C_OC3M and C_GSM showed maxima in winter, C-GIOP showed rather flat temporal changes between summer and winter. Field observations showed high Chl during winter throughout the SCS basin (e.g., Chen, 2005; Ning et al., 2004) , confirming the observed patterns in C_OC3M and C_GSM. In addition, within the Chl minimum season (i.e., spring), monthly variations for C_OC3M were quite different from those for C_GSM and C_GIOP. C_OC3M decreased consistently from March to May while the fluctuations of C_GSM and C_GIOP within this time frame were not distinct. Unfortunately no in situ data, either published or unpublished, could be found to help clarify which monthly variation patterns during spring were more convincing. While Figs. 3 and 4 showed general patterns of the three Chl products, their consistency and discrepancy are detailed at several targeted locations, as shown below. 
Results
SEATS
The SEATS (18 • N, 116 • E), located in the deep (> 3000 m) oligotrophic basin, was used to represent the SCS offshore waters. All products showed similar seasonality of Chl, i.e., elevated Chl in winter (Fig. 5a ). This is consistent with in situ observations (Tseng et al., 2005) . Very minor differences emerged in the detailed month-to-month and interannual variations (Fig. 5b) . This is also illustrated by the strong correlation between C_GSM, C_GIOP and C_OC3M (R > 0.8, Fig. 6 ). When compared with the limited in situ data (red dots in Fig. 5b ), differences were observed only for one data point in winter 2010 when both C_GSM and C_GIOP showed large departure from the in situ measurements. Note that this difference could be natural because one data point may not be representative of the mean state of the month. In general, all three Chl products showed consistent temporal patterns from this offshore SCS station. 
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Summer upwelling zones
The NSCS is featured by upwelling (e.g., Xie et al., 2003; Gan et al., 2009; Hong et al., 2009; Jing et al., 2011) . The consistency of the three Chl products was examined in two well-known coastal upwelling zones in summer, which are the upwelling zones off Qiongdong (QDU) and Yuedong (YDU) (see Fig. 2 for the locations). Although the general patterns agreed with each other, the three products showed some differences in the mean monthly Chl extracted from the two zones (Fig. 7) . C_OC3M and C_GSM appeared to have stronger seasonality (i.e., larger difference between annual maximum and annual minimum) than C_GIOP. More importantly, winter highs were more distinct than summer highs based on C_OC3M and C_GSM. This appeared contradictory from the seasonal patterns observed from very limited in situ measurements (e.g., Zhang et al., 1997) , and from the knowledge that these two zones were short of nutrient supplies during winter (dry season) but were rich in nutrients owing to upwelling and land-based runoff during summer (wet season). This is possibly because Chl is overestimated in winter for C_OC3M and C_GSM. For C_OC3M, interference from non-phytoplankton matters (CDOM and detritus), which are commonly rich in these coastal waters, would cause Chl overestimation. For C_GSM, the globally optimized parameterization (Maritorena et al., 2002) , such as Chl-specific absorption coefficient, may not be applicable in these coastal waters. This did not occur to C_GIOP possibly because data alongshore were filtered during data processing. Unfortunately, on the GIOP website there is no information on how the alongshore data are screened. One possibility is that those data fall under the preset product failure conditions (http://oceancolor.gsfc. nasa.gov/WIKI/GIOPBaseline.html).
Pearl River plume
There are two big rivers in the SCS, the Pearl River and the Mekong River. They contribute large amounts of fresh water as well as nutrients and other matters to the nearby ocean, thus having significant impact on the biogeochemistry of the SCS. Here we chose the Pearl River plume as an example to examine the time series derived from the three Chl data products. Figure 8a shows the monthly climatology of C_OC3M, C_GSM and C_GIOP in the vicinity of the Pearl River estuary (PRE, 21-2 • N, 112-118 • E) in four months of different seasons. All three products consistently showed a distinct river plume extending eastward in summer.
To further compare the Chl products in nearshore waters, monthly climatology in January and July were extracted from waters shallower than 50 m. The monthly climatologies for the C_OC3M and C_GIOP were higher in July than in January (e.g., 3.30 mg m −3 versus 2.22 mg m −3 ). This is consistent with the known seasonal patterns, i.e., higher Chl in summer (wet season) than in winter (dry season) (e.g., Zhang, 2001 ). However, C_GSM was almost the same in January and July (3.42 mg m −3 versus 3.36 mg m −3 ). This could be due to the improper parameterization of the GSM model, or due to high uncertainties in the MODIS R rs data in the blue bands in nearshore waters. The differences between the Chl products are further illustrated in the monthly anomaly patterns (Fig. 8b) . Note that the monthly anomalies were calculated by simply deducing the monthly climatology from the monthly mean. In January, C_OC3M showed a strong positive anomaly in 2007, and C_GSM and C_GIOP appeared to have anomalies in the opposite directions. In July, the anomaly patterns of the three products were relatively similar to each other. A strong negative anomaly was found in 2004 in all three products, while the years of positive anomalies showed some discrepancy. Assuming that +25 % higher than climatology indicated a positive anomaly, a unique positive anomaly was found in 2009 for C_OC3M and C_GSM, while a > 25 % anomaly was found in 2008 for C_GIOP. Based on these observations, it could be inferred that summer blooms associated with river plumes and upwelling (e.g., Gan et al., 2010; Dai et al., 2008) were relatively weak in 2004. The bloom would however be inferred to be strong in 2009 if it was based on C_OC3M and C_GSM, or in 2008 if it was based on C_GIOP. Thus, without field-based validations (e.g., measured Chl, river discharges, nutrient fluxes, wind forcing, etc.), interpretation of the standard satellite-based Chl data products requires extra caution for nearshore waters of the NSCS. Algorithm tuning based on local data is thus advocated for these waters.
Discussion
Causes of the inconsistency
The above results showed consistent Chl patterns in the NSCS basin waters but large differences in upwelling zones and river plumes from the three products. In order to help diagnose the reasons of such similarity and discrepancy, in situ data were used to evaluate algorithm performance.
First, MODIS-derived R rs data were used as the algorithm inputs to derive Chl, and then compared with the measured Chl. Figure 9 shows the evaluation results and the statistics are listed in Table 1 . The average percentage errors all exceeded the desired level of accuracy for satellite-derived Chl (35 %, Bailey and Werdell, 2006) in this dynamic marginal sea. Most of the MODIS-derived Chl values were overestimated, as indicated by the positive δ. However, except for C_GIOP, MODIS-derived Chl agreed with in situ Chl reasonably well (ε ∼ 113 % to 118 %, RMSE ∼ 0.380 to 0.400, δ 0.069 to 0.145, see Table 1 ). The poorer performance of C_GIOP is due in part to its poor performance in shallow waters (< 50 m, see red dots in Fig. 9c ; ε = 441 %, δ = 0.464, see Table 1 ).
To test whether the discrepancy resulted from the algorithms or from uncertainties in the MODIS R rs , the accuracy of MODIS R rs was evaluated using in situ R rs (Fig. 10) . In general, MODIS R rs agreed well with ground truth data except at 412 nm. This is consistent from other reported results (e.g., Siegel et al., 2005; Bailey and Werdell, 2006; Antoine et al., 2008; Dong, 2010) . R 2 ranged between 0.72 and 0.86 and ε was < 26 % for bands 443, 488, 531 and 547 nm, while ε were 31 % and 49 % for 412 nm and 667 nm. Because the 443, 488, and 547 nm bands were used to estimate Chl in the OC3M algorithm, the relatively lower uncertainties in the MODIS R rs in these bands suggest that C_OC3M would be influenced less by the MODIS R rs uncertainties than the other two products, which used all six bands to estimate Chl.
The uncertainties introduced by the algorithms were further examined by using in situ R rs as the algorithm input, with the derived Chl compared with the measured Chl. Results are shown in Table 1 and Fig. 11 . When compared with the field measured Chl, Chl derived from in situ R rs agreed better than Chl derived from MODIS R rs because of the reduction in the R rs uncertainties and because of the removal of the mismatch between satellite pixel size and in situ sample size. Both OC3M and GSM performed well (R 2 ∼ 0.81-0.85) although the error indices still exceeded the mission specifications (35 %). Similar to the above satellitebased analysis, GIOP showed lower R 2 (0.13) and higher error indices than the other two algorithms (e.g., ε ∼ 256 %). The results suggest that the uncertainties in the three Chl products were mostly attributed to the inversion algorithms as opposed to imperfect atmospheric correction. However, it is unclear what caused the relatively poor performance of the GIOP algorithm in this marginal sea. Indeed, in an algorithm round-robin comparison, all 17 algorithms including GIOP were found to perform reasonably well in estimating Chl (Brewin et al., 2014) . We speculate that the algorithm parameterization of GIOP requires a major tuning for the study region. Thus, differences in the MODIS Chl data products appeared to have resulted mainly from the algorithm design in addressing the dependence of reflectance on the various in-water constituents. In the offshore (bottom depth >200 m) SCS where a ph / a t at 443 nm of the surface ocean ranges from 0.2 to 0.8 (a t refers to the total absorption coefficient without water, n = 119; Shang, unpublished data), water's optical properties are predominantly driven by phytoplankton, or the optical properties of phytoplankton, CDOM, and detritus co-vary. Therefore, the three Chl products showed almost the same spatial and temporal patterns although their Table   55 1. Table 1. magnitudes varied slightly. In coastal upwelling zones and river plumes where the water is optically complex with significant amount of CDOM and detrital particles (both organic and mineral particles) (a dg / a t at 443 nm could be up to 0.97, where a dg refers to the absorption coefficients of the sum of CDOM and detritus, Shang, unpublished data; also see Hong et al., 2005; Du et al., 2010) , larger differences were found from the three Chl products. The OC3M empirical algorithm was not designed to differentiate Chl from other in-water constituents. The spectral optimization algorithms such as GSM and GIOP were designed to separate Chl from other in-water constituents, yet their performance was influenced by their fixed parameterization (IOCCG, 2006; Huang et al., 2013) . For example, the parameterization for backscattering coefficients of particles (including both organic and mineral particles) may not reflect the truth in coastal waters rich in mineral particles. Failure in finding an optimal solution may be one reason for the pixel speckling in the C_GSM images and those masked nearshore pixels in the C_GIOP images (Fig. 8a) . These failed pixels would cause a bias in calculating the mean and anomalies. Clearly, when time series data were analyzed, image series would need to be examined in order to identify these potential artifacts and to improve data interpretation.
Algorithm tuning
Based on the above analysis, in coastal waters the three Chl products are not consistent and might not reflect the truth. In order to solve the problem, we tuned the algorithms for coastal waters of the NSCS. In situ data for algorithm tuning were specifically collected from waters between the Table 1. shoreline and the green dotted line in Fig. 2 (generally in the regions of PRE, QDU, and YDU). To facilitate data comparison, hereafter the regionally tuned algorithms are referred to as OC3M * , GSM * , and GIOP * .
The C_OC3M was derived from R rs ratios as Chl = 10 (c 0 +c 1 ×R ratio +c 2 ×R 2 ratio +c 3 ×R 3 ratio +c 4 ×R 4 ratio )
R ratio = log 10 Max(R rs (443), R rs (488)) R rs (547)
where c 0 -c 4 are the algorithm coefficients determined from nonlinear regression between Chl and R rs ratios. An in situ data set of R rs and Chl (n = 121, sampled from coastal waters between the shoreline and the green dotted line in Fig. 2 ), was used to determine the algorithm coefficients, with results shown in Fig. 12 (blue dots and blue curve). For comparison, also shown in the figure, are the original NOMAD data set (http://seabass.gsfc.nasa.gov/, green crosses) and the default OC3M algorithm (green curve). Note that the local data covered almost the entire range of the NOMAD data set except for extremely clear waters. MODIS Chl calculated using the regionally tuned OC3M * were then compared to in situ Chl (Fig. 9d) , which showed substantial improvements. The errors were almost halved (ε decreased from 126 % to 63 %, and RMSE decreased from 0.380 to 0.290; see Table 1 ). In GSM and GIOP, a ph , a dg , and b bp (particle backscattering coefficient) are modeled as
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where Chl, a dg (λ 0 ) and b bp (λ 0 ) are three scalar variables to be derived from a known R rs spectrum via optimization. λ 0 is a reference wavelength and is generally set as 440 nm. In the models, a * ph , S adg (spectral slope of a dg ) and η (power coefficient of b bp ) can be tuned using local data. In the GSM parameterization, S adg and η are optimized as 0.0206 nm −1 and 1.03373 for global waters, respectively; and a * ph is also optimized as a fixed spectrum for global waters, for example, a ph (443) = Chl · 0.05582 (Maritorena et al., 2002) . In the default GIOP parameterization, S adg = 0.018 nm −1 , and η and a * ph are no longer fixed spectrum but using functional forms following that of the QAA Eq. (9), Lee et al. (2002 Lee et al. ( , 2009 and Bricaud et al. (1995) Eq. (10), respectively:
(r rs (λ) = R rs (λ) 0.52 The parameters of a * ph , S adg , and η were tuned, and after trial and error we found that the following combination led to the lowest error budgets for Chl retrievals. (1) GSM * : S adg = 0.018 nm −1 and η were calculated from Eq. (9). They were in fact the default setting of the GIOP; a * ph was rederived based on an in situ a ph and Chl data set collected in the target region, for example, now a ph (443) = Chl · 0.0754 (Table 2) . (2) GIOP * : There was no change for S adg and η while a * ph derived from regression based on the same in situ a ph and Chl data set used for the GSM * (Table 2) . In other words, for GIOP, only the coefficients of a * ph were tuned, while the GSM was tuned more thoroughly, with all three functions changed. The regionally tuned algorithms were then used to calculate Chl using the MODIS R rs as the algorithm inputs, and compared to concurrent in situ Chl. Evaluation results for the regionally tuned GSM * and GIOP * are shown in Fig. 9e and f and Table 1 . Similar to OC3M * , the algorithms showed notable improvements over the original forms. For example, ε was reduced from 113 % to 76 % for the GSM * and 329 % to 111 % for the GIOP * . More substantial improvements were found for shallow waters (< 50 m, Table 1 ), where ε reduced from 441 % to 131 % for the GIOP * . Such improvements are better than those obtained from similar efforts for the Mediterranean Sea and western Canada coastal waters (D'Ortenzio et al., 2002; Komick et al., 2009 ). However, the errors are still higher than those from the OC3M * , suggesting more room for future algorithm development (Werdell et al., 2013) .
Finally, based on the improved error statistics, OC3M * was chosen to re-derive the spatiotemporal patterns for the three coastal zones (Figs. 7 and 8a ). In the QDU and YDU, the absolute magnitudes of Chl decreased while the seasonal patterns, i.e., peaking in winter, remained. Regardless of the tuning, it seems impossible to completely remove the interference of CDOM and detritus to the blue light absorption. However, in the PRE, the serious overestimation of Chl from the OC3M was partially corrected using the OC3M * .
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Three MODIS Chl products are currently being used by the research community to address global and regional questions. These are derived from the OC3M, GSM, and GIOP algorithms. Yet their accuracy and consistency between each other are often unclear for marginal seas. Using a field data set collected from the NSCS, we evaluate the accuracy of the three MODIS Chl data products as well as their consistency in revealing spatial and temporal patterns under various scenarios.
The temporal changes and spatial distribution patterns in the three Chl data products differed mainly in optically complex nearshore waters, where certain spatiotemporal patterns revealed by one Chl product can be masked by another. In offshore SCS waters where optical properties are mostly dominated by phytoplankton, Chl seasonality and interannual changes derived from the three products were similar. This was mainly attributed to the algorithm design as opposed to the uncertainties in the input R rs . The in situ validation (using in situ R rs as input) showed RMSE errors > 0.3 in log scale and percentage errors > 90 % for all three Chl algorithms. While nearly identical statistical results were found for OC3M and GSM, GIOP showed significant deviation from the ground truth, possibly due to the incompatibility between its default parameterization and the optical properties of the NSCS. The three algorithms were then locally tuned. Tuning of the OC3M resulted in significant improvement in product accuracy for coastal waters, while the improvement from the tuned GSM and GIOP algorithms was not as profound.
Overall, for the study region of the NSCS it is suggested that (1) all three standard MODIS products yielded reasonable spatial and temporal patterns for the offshore basin waters; (2) current C_GIOP (with its default parameterization) is not proper for coastal water analysis because nearshore data are masked; (3) a clear specification of Chl product in oceanographic time-series studies would facilitate crossstudy comparisons; and (4) regional tuning of the algorithms for coastal waters of the NSCS is necessary to reduce product uncertainty.
